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Optical system design and integration of the Mercury Laser Altimeter 
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William Mamakos', Raymond Trunzo6, John Cavanaugh', Roger Miller' 

The Mercury Laser Altimeter (MLA). developed for the 2004 MESSENGER mission to 

Mercuv, is designed to measure the planet's topography via laser ranging. A description 

of the M U  optical system and its measured optical per$ormance during instrument-level 

and spacecraf-level integration and testing are presented. 

1. Introduction 

The Mercury Laser Altimeter (MLA) is one of seven scientific instruments on board the 

MErcury Surface, Space ENvironment, GEochemistry, and Ranging (MESSENGER) 

spacecraft, the first orbiter mission to the planet Mercury. MESSENGER is scheduled to 

launch in August 2004 and arrive at Mercury in March 201 1 for a one-year (four Mercury 

years) study. The MLA laser time-of-flight measurement together with the spacecraft 

orbit positional data will help determine the planet's surface elevation, libration, and 

internal structure [l-31. MLA was designed and developed at NASA's Goddard Space 

Flight Center (GSFC) over a period of two and a half years and delivered to The Johs 

Hopkins University Applied Physics Laboratory (JHU/APL) on June 30, 2003, for 

spacecraft-level integration. This paper describes the optical system and the optical 

iliteg-aiiu,i md testkg of MLA. 
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2. Instrument Description 

MLA's top-level optical specifications are listed in Table 1. The transmitter and receiver 

specifications are based on experience with earlier space-based laser altimeters, such as 

the Mars Orbiter Laser Altimeter (MOLA) and the Geoscience Laser Altimeter System 

(GLAS), but modified for the MLA ranging geometry, the low planet albedo, and the 

high hhd vi) flxx a d  S o h  backgmud ~f MerCllry 141. MlA has to pa-fm-m m g e  

measurements from a distance of up to 800 km, at a slant angle of up to 53", and in 

daytime during part of the mission, all of which drove the laser energy, the laser 

divergence, and the receiver telescope aperture requirements. The laser repetition rate 

was constrained by available instrument power. The receiver telescope field-of-view 

(FOV) specification was a compromise: the FOV is narrow enough to make solar 

background noise negligible during most of the MESSENGER orbits and wide enough to 

allow for a reasonable instrument boresite alignment margin. 

An assembly drawing of MLA is shown in Figure 1. The MLA structure is made 

of optical-grade beryllium for its low mass, high stiffbess, and high thermal capacitance. 

The beryllium components were designed in-house and fabricated by Axsys 

Technologies. The Main Housing holds the electronic sub-assemblies and serves as an 

optical bench for the Laser Transmitter and the four Receiver Telescopes. The Laser 

Transmitter [5] is built on a small beryllium bench that mounts to the Main Housing 

center compartment. An external 15X beam expander telescope mounted to the laser 

bench sets the final transmitted laser beam divergence. A Reference Cube attached to the 

Main Housing is used to monitor the laser pointing angle during MLA integration and 

environmentai testing and to transfer fie .MLA iaser aiignment information to the 
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spacecraft coordinate system. The four MLA Receiver Telescopes are mounted on the 

comers of the Main Housing. The output signal fiom each telescope is fiber-coupled to 

the DetectorIAft-Optics assembly mounted underneath the Main Housing. The 

Detector/Aft-Optics assembly combines, filters, and re-images the output from all four 

fiber optics onto a single SiAPD detector. The fiber optics are all the same length for 

i&iii p-&e tkiikg mii~ a d  a r ~  i G U d  Z Z ~  S W W ~  ZICXI~ d&ih chmels zmchd t~ 

the outer edge of the Main Housing underside. MLA is mounted to the MESSENGER 

composite instrument deck via three titanium flexures, and the structure is fully enclosed 

by thermal blankets such that only the five optical apertures remain open to the external 

environment. 

The main factors that drove the opt-mechanical design of MLA were the tight 

constmints on instnUnent mass (7.3 kg), volume (300 x 300 x 300 mm), and peak power 

(23 W) and the challenging mission thermal environment. MESSENGER will be in a 

12-hour, highly eccentric elliptical orbit around Mercury [6] with only a 30-45 minute I 

MLA science measurement period over the planet’s northern hemisphere where the 

surface temperature can range fiom 110°K on the planet’s dark side to over 700°K on the 

sub-solar region [7]. During the balance of the orbit, MLA cools off by radiating heat to 

deep space. MLA will be “thermal cycled” in this fashion over 700 times during the 

course of the MESSENGER mission. Figure 2 shows the predicted instrument 

temperatures at the beginning and end of the operational science phase for the 
I 

MESSENGER 280” true anomaly orbit (TA280), a noon-midnight orbit close to the 

MESSENGER “hot” case. The MLA optical system is required to operate over a wide 

temperature range, in a non-steady-state, and with large thermal gradients. The 
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instrument design constraints and mission thermal environment required an integrated 

optical, mechanical, and thermal instrument design. 

The MLA optical alignment requirements are listed in Table 2 and are divided 

into integration, alignment, and stability requirements. The MLA opto-mechanical design 

philosophy was to minimize the number of subassembly and instrument level 

adjcst~ezts rqtktx! tr die the htrclcent ic order t= betta emme a!igaent stabi!ity. 

The optical and mechanical components were toleranced such that upon initial instrument 

integration the boresite error between the laser and the four receiver telescopes was less 

than the mrad receiver telescope line-of-sight adjustment range. Laser pointing 

knowledge and stability relative to the MESSENGER instrument deck are key alignment 

parameters since this information is used to determine the laser footprint location on the 

planet surfkce. Once the instrument was integrated and the boresite alignment completed, 

the pointing angle stability of the transmitted laser beam and the boresite alignment of the 

Receiver Telescopes were measured and tracked during the MLA and MESSENGER 

environmental test programs. 

3. Receiver Telescope 

The four MLA Receiver Telescopes have a combined aperture of 41 7 cm2 and a 400 pad 

diameter nominal FOV. The collecting area is equivalent to a single 0.25-m diameter 

telescope with a 15% secondary and spider obscuration factor. The original MLA 

receiver concept was based on a scaled-down version of the beryllium Cassegrain 

telescopes used on MOLA (0.5-rn diameter) and GLAS (1 .O-m diameter), but once the 

MESSENGER thermal environment was better understood it became apparent that this 
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telescope would not meet the MLA on-orbit performance requirements. Although the 

MOLA and GLAS telescopes are athermal (to la order) under a bulk temperature change, 

they are very sensitive to axial and radial thermal gradients due to the high coefficient of 

thermal expansion (CTE) of beryllium and the large iongitudinai magnification and €ast 

prkmy of the Cassegrain telescope design [3]. The multi-aperture, rehctive MLA 

Receh7er Te!esco;>e desig? is m t  z theml ,  ?mt this eptim! &sign cm hmdk &anal 

gradients an order of magnitude larger than an equivalent beryllium Cassegrain telescope 

for a comparable amount of image degradation. The MLA Receiver telescope operating 

thermal range is 20°C k 25°C and the survival thermal range is -30°C to +6O"C. 

The optical layout of the MLA Receiver Telescope is shown in Figure 3. The 

telescope is a four-element reverse telephoto design with a 500-mm focal length, a 

300-mm unfolded path length, and a final speed of fl4.35. The plano-convex objective 

lens is made of sapphire and has a focal length of 230 mm, a diameter of 125 mm, and a 

mounted clear aperture diameter of 1 15 mm. Sapphire was selected for all the optics 

exposed to the Mercury environment for its ability to withstand thermal shocks [9], its 

lower absorption in the IR compared to optical glasses, and its resistance to radiation 

darkening. Although sapphire is birefringent and can generate double images, its imaging 

paformance is adequate for the MLA receiver "photon bucket". Ten high-purity, 

synthetic sapphire blanks were manufactured by Crystal Systems and the blanks ground 

and polished into lenses by Meller Optics. A negative focal length triplet lens p u p  

increases the focal length of the objective lens and corrects spherical aberration and 

coma. The triplet was manufactured out of radiation-resistant Schott BK7G18 by 

Optimax Systems. The teiescope is foicied in order to fit within the aiiocated -MLA 
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volume, which also helped reduce the cantilevered mass. The dielectric fold mirror only 

reflects a small spectral band centered at 1064 nm, which provides protection against an 

accidental view of the Sun since most of the visible solar radiation will go through the 

fold mirror and scatter off its fiosted backside onto the MESSENGER instrument deck. 

A picture of one of MLA Receiver Telescopes is shown in Figure 4. Each of the 

f- u~ .- k!csc~pes is ichtica! except f ~ r  &e c!ocking ~rimtatim cf the section f d d d  

underneath the Main Housing. The telescope tube, the mirror mount, and the fiber mount 

are made of optical-grade beryllium. The lenses are clamped in place with titanium 

flexures and the pre-load adjusted by machining the thickness of an internal spacer. The 

clearance between the lenses and the tube bore is only 25 pm on the radius in order to 

minimize vibration-induced boresite shifts. The fold mirror is bonded into place with 

spacequalified GE RTV566. The optical and mechanical Oomponents were toleranced 

such that upon initial integration, the telescope optical axis was perpendicular to its 

mounting flange to within 1 mrad. The only Receiver Telescope optical adjustment is at 

the fiber-optic connector where a shim can be adjusted to set focus and the connector de- 

centered on oversized mounting holes to adjust the telescope line-of-sight over a 

* 2 mrad range. Each Receiver Telescope assembly weighs 740 g, driven mostly by the 

400-g sapphire objective. 

A 200-pm core diameter, 0.22 NA, multimode, step-index fiber-optic assembly at 

the focal plane of each telescope yields the 400-prad diameter FOV. The fiber-optic 

assemblies are similar to the ones flown on GLAS, and were fabricated in-house at 

Goddard’s Advanced Photonic Interconnection Manufacturing Laboratory (Code 562). 

Key requirements for the fiber-optic assemblies were that the fibers be well centered (2 

I 

I 
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10 pm) on their connectors and that the fiber connector interface be repeatable in both 

focus (2 10 pm) and de-center (k 5 pm) in order to allow for replacement of the fiber 

optics without the need to re-focus or re-boresite the MLA Receiver Telescopes. 

Diamond AVIMS connectors were selected for this application because they provide a 

keyed, repeatable, and rugged interface. All the fiber ends were anti-reflection (AR) 

coated ai 1064 nm by Denton Vacuum to increase lheir average irclnsmission to 97%. I 
I 

300-pm core diameter fiber optics providing a 600-pad diameter FOV were also 

fabricated and tested in case instrument-level environmental testing indicated that we 

needed the additional boresite alignment margin. The Receiver Telescope and the 

DetectorIAft-Optics assembly were designed to operate with either fiber size. The 

completed fiber+ptic assemblies were tested for vacuum, temperature, vibration, and 

radiation effects [ 101 prior to instrument integration. 

I 

I 

I 

I 

As mentioned earlier the MLA Receiver Telescope design is not athermal. @to- 

thermal analysis using both paraxial equations and optical design software (Zemax) 

showed that the refractive telescope design could tolerate a k 30°C bulk temperature 

change before its blur circle diameter increased to -100 pm or -200 pad. The net effect 

of the thermal de-focus is that the telescope nominal top-hat FOV becomes trapezoidal 

(Figure 5); all FOV plots have the same 400-prad hll-width-at-half-maximum (FWHM) 

but the FOV size above 90% normalized transmission is only half as wide with the 

telescope at +50°C (or at -1OOC) as it is at the nominal telescope alignment temperature 

of 20°C. The main reason for the telescope thermal de-focus is the large and positive 

MdT (change in index of refraction with temperature) of sapphire which makes the 

telescope focal length shrink as the telescope tube expands with increasing temperature 
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and vice versa. We could not find a suitable set of optical and mechanical materials that 

could athermalize the telescope while still meeting all the other MLA Receiver Telescope 

design requirements. The opto-thermal performance of the MLA Receiver Telescope is 

adequate, but it does reduce our boresite alignment margin during the hot MESSENGER 

noon-midnight orbits. 

Dmhg the ~m~-.U’.’n’ght whits the Ip, flm fiem Macxry i ~ t o  each Receiver 

Telescope aperture can be up 40 W. The sapphire objective lens will absorb -50% of this 

IR flux and transmit the balance to the telescope tube. Since MLA is not nadir-pointing 

during these orbits the inside of the telescope tubes will not be symmetrically illuminated. 

We used a combination of optical and thermal computer-aided-design (CAD) programs 

to model the telescope thermal profile during the TA240 orbit, another noon-midnight 

orbit close to the MESSENGER “hot” case. The goal of the opto-thermal analysis was to 

calculate the themally induced receiver boresite shift due to the asymmetric telescope 

tube illumination. Custom software interfaces were developed by Lambda Research Inc. 

(TracePro, Optical Software for Layout and Optimization or OSLO) and Harvard 

Thermal Inc. (Thermal Analysis System or TAS) to transfer information between the 

codes. The Receiver Telescope opto-thermal model accounted for both changes to the 

objective lens shape and index of refraction and mechanical deformations of the 

beryllium telescope tube. The thermal analysis was @armed by Harvard Thermal Inc. 

based on the calculated absorbed IR flux fiom the TracePro Mercury-MLA model. The 

thermal analysis showed that the Receiver Telescope would develop the expected -30°C 

axial gradient plus a -10°C radial gradient (Figure 6). The “perturbed” optical system 

was then raytraced with OSLO to calculate the effects on image size and location: the 
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image de-focused as expected, but the telescope line-of-sight change was only 15 pad, 

which is small enough to neglect. 

We fabricated five aluminum engineering model (EM) Receiver Telescopes, an 

aluminum EM Main Housing, and a set of EM fiber-optic assemblies in order to develop 

the receiver integration procedures and test setups, determine the optimum routing for the 

ld.xr-optk assemblies, aid iroublesliocit a y  hardware interference issues. The EM 

Receiver Telescope test program included characterizing the lens mounting flexures and 

calculating the required thicknesses of the internal spacers to obtain the correct lens 

mounting pre-loads, installmg and focusing the fiber-optic assemblies including 

compensating for operation in vacuum, measuring the telescope image quality (blur 

circle) and FOV, measuring the telescope optical axis relative to its mounting flange, 

measuring the telescope line-of-sight shift under different orientations to gravity, 

performing survival and operational thermal tests, measuring the boresite effects of radial 

thermal gradients on the telescope tube, and measuring the stray light characteristics of 

the completed assembly. Figure 7 shows the change in the Receiver Telescope 200-pm 

fiber optic back-illuminated image and the receiver telescope 400-pad FOV between air 

(1 ATM) and vacuum (0 ATM) operation. The test results at 0 ATM validated our 

calculation of the shim thickness required for vacuum operation (we first focus the 

system in air and then adjust the shim thickness per our calculated change in telescope 

back-focal distance with pressure). The size and shape of the FOV plot at the in-focus 

0 ATM setting also indicated that the telescope imaging performance was adequate and 

that the as-fabricated focal length was correct. The testing of the EM Receiver 

Telescopes validated our optical, mechanical, and thermal models and indicated that the 

L- 
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increased stiffness and lower CTE provided by the beryllium flight hardware were indeed 

required to meet the MLA alignment stability and opt-thermal performance goals. 

All optical substrates and coatings were space-qualified, and the opto-mechanical 

parts inspected and precision cleaned prior to the flight integration of the MLA optical 

assemblies. All optical materials, including the bandpass filter and the fiber-optic 

assemblies, were test& kfore a d  after exposwe to 50 had of toel i c z i l g  gavma 

radiation with no measurable difference in transmission at 1064 nm. The sapphire optics 

were AR coated with a proprietary double layer AR coating from Quality Thin Films, and 

coated witness samples were thermal cycled 100 times between -20°C and +70°C per 

MIL-C-48497 and tested for adhesion and severe abrasion resistance per MIL-C-675-C 

with no measurable degradation. AR-coated witness samples for the laser beam expander 

optics were also tested and quahfied for laser damage threshold level by Spica Inc. The 

completed MLA flight optical assemblies were spacequalified per GSFC's General 

Environmental Verification Specification (GEVS) guidelines prior to instrument-level 

integration and the flight integration process documented per GSFC's ISO-9001 

guidelines. Table 3 is a summary of the thermal qualification of the MLA optical 

assemblies and their component subassemblies. A total of six flight Receiver 

Telescopes, twenty flight Fiber-optic assemblies, two flight Aft-Optics assemblies, and 

two fight Laser Transmitter Telescopes were integrated, tested, and delivered to the 

MLA instrument integration and test (I&T) team. 

I 
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4. Aft-optics Assembly 

The MLA Aft-Optics assembly collimates the output of each Receiver Telescope fiber- 

optic, combines the four beams such that they go through a common bandpass filter, and 

re-images all four f i b  onto a single spot on a 0.7-mm diameter S M D  detector (Figure 

8). We had previous experience with the detector (MOLA, GLAS) and with the narrow 

b m d p s  t!tm (GLAS), blc?t fikr-cmp!ing the telessc~pe to the detkxtcr w s  2 new 

approach for us. The main optical challenge was achieving a design that allowed for 

coupling multiple fiber-optics onto a single detector; the design also had to be compact to 

fit in the allocated space under the Main Housing. 

The collimating lenses are 1 1-mm focal length Geltech aspheres with 2% cerium 

added to the Corning COS0 substrate material to prevent radiation darkening. The two 

imaging lenses are made from radiation-resistant Schott SF6G05 and have a combined 

focal length of 18.6 mm. The optical system images the input fiber-optics at a 1.7X 

magnification to yield a detector-illuminated spot size 0.34 mm in diameter. The 

collimated beams have a divergence of f  9 mrad which is within the acceptance angle of 

the bandpass filter, a 0.7-MI FWHM, two cavity, temperature-stabilized interference 

filter from Barr Associates [l 11 with a peak transmission of 88% at 1064.4 nm. The angle 

of incidence (AOI) of the collimated beams on the bandpass filter can be adjusted by up 

to 3" off-normal by de-centering the Aft-Optics fiber-optic mnnectors in order to peak 

the transmission at the MLA laser wavelength (1064.3 nm). A test fixture allowed for 

coupling a portion of the MLA EM laser beam into the Aft-Optics assembly fiber-optics 

while simultaneously monitoring the transmitted laser energy and the location of the fiber 

images on the assembly focal plane in order to ensure that all four channels were 
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wavelength-tuned to the MLA laser and imaged into a common spot. The Aft-Optics can 

be aligned in air and operated in vacuum without any vacuum de-focus compensation 

since the change in collimation and imaging with pressure is negligible. Thermal de- 

focus and beam de-collimation over the them1 operating range is also small and can be 

neglected. 

operational thermal range of 20°C & 20”C, and a survival thermal range of -30°C to 

+40”C. The mechanical components are titanium to match the CTE of the optics. The 

BK7G18 fold prism and mirror are bonded with Scotch-Weld 2216 Grey epoxy and the 

rest of the optics are held with retainer rings. The Aft-Optics assembly mates to the 

beryllium detector bench via an interface plate that allows for focus and de-center 

adjustment. The Aft-optics assembly is aligned to the MLA detector by looking through 

one of the fiber-optic connector ports with a small charge-coupleddevice (CCD) camera 

while the other three fibers illuminate the focal plane. The interface plate thickness is 

adjusted until the detector image is in focus and the whole Aft-Optics assembly is de- 

centered until the three illuminating spots are centered on the detector (Figure 9). After 

the detector alignment is completed, the Aft-Optics fiber connectors and interface plate 

are “liquid pinned” with Scotch-Weld 2216 Grey epoxy. The mated Detector/Aft-Optics 

assembly (Figure 10) is then installed on the Main Housing and electrically integrated to 

the detector power supply and signal processing electronics. 
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5. Laser Transmitter Telescope 

The Laser Transmitter Telescope is a 15X magnification, afocal beam expander with a 

45-mm diameter output clear aperture. The magnification was derived fiom the 

measured EM Laser Transmitter far-field divergence (-1.2 mrad @ lie2 diameter) and 

the required b l  transmitted laser beam divergence (80 p a d  @ l/e2 diameter); the 

oxtput c!es apmz-e w s  eskblkshed by the b e m  sxpader rigdic&ion and h e  iaput 

laser beam size (-2x2 mm). The MLA Laser Transmitter Telescope is designed to 

operate over a 20°C k 40°C temperature range without any significant increase in the 

transmitted laser beam divergence and to survive over a -30°C to +75"C temperature 

range. The Laser Transmitter Telescope assembly (Figure 11) is 180 mm long, 56 mm 

diameter (ma.), and weighs 180 g. 

The beam expander is a Galilean optical design with a Corning 7980 fused silica 

negative lens, a BK7G18 positive lens group, and a sapphire exit window (Figure 12). 

The sapphire window adds thermal-shock protection by adding thermal mass and 

reducing the IR flux directly absorbed by the positive lens group. A non-sequential 

raytrace analysis insured that no beam expander ghost beams were focused on any of the 

beam expander or laser train optical surfaces. The mechanical design is similar to that of 

the Receiver Telescopes: the beam expander tube is optical-grade beryllium, a titanium 

flexure is used to mount the positive lens group and the sapphire window, and the 

clearance between the lenses and the tube bore is only 25 p on the radius. The negative 

lens is mounted in a small titanium cell with an internal shim to allow for focus 

adjustment. The optical and mechanical components were toleranced to achieve an 

optical axis-to-mechanical mounting flange error of < 1 mrad in order to meet our 
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instrument-level integration requirements. The beam expander dominates the pointing of 

the transmitted laser beam since any laser angular input errors are reduced by a factor of 

15 while a tilt of the Laser Transmitter Telescope assembly leads to an almost 1 : 1 change 

[I :14ii5 exactly] in the laser beam pointing angle. 

The MLA beam expander design is not athermal, but its performance over 

tempmm-m is mm adecpte. f3K?'G! 8 h a  a ~ g c h  -makr dn/rlT coefficient than 

sapphire, and the change in focal length of the positive lens group with temperature 

partially compensates for the change in beryllium tube length. An opto-thermal analysis 

performed with the CODE V diffraction-based beam propagation module predicts a far- 

field divergence of < 60 pad  over the 20°C _+ 40°C 0perati0~1 thermal range. (The 

nominal divergence at 20°C is only 50 pad because CODE V assumes an ideal M2 =1.0 

TEMOO input beam.) Since the sapphire windowBK7G18 lens combination at the top of 

the beam expander absorbs most of the IR flux fkom Mercury there is no asymmetric 

illumination of the beam expander tube that might lead to a line-of-sight change as was 

the case with the Receiver Telescopes. 

We fabricated two aluminum EM Laser Transmitter Telescopes in order to 

validate our optical, mechanical, and thermal models, develop the beam expander 

integration procedure and test setups, and pedorm assembly-level testing with the EM 

Laser Transmitter. The Laser Transmitter Telescope bolts to the laser bench, and the 

laser beam is aligned to the beam expander with a set of Risley prisms (to adjust beam 

angle) and tilt plates (to adjust beam de-center). After integration of the EM beam 

expander to the EM Laser Transmitter the laser team discovered that feedback from the 

beam expander de-stabilized the laser oscillator. The laser team lncreased the A01 on the 
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beam expander to -7.5 mrad and added a polarizer and % waveplate to the laser optical 

train to add optical isolation between the beam expander and the laser oscillator. After 

these two changes were implemented the EM Laser Transmitter assembly performance 

became nominal again. 

The most diffEicult part of the beam expander integration process was setting focus 

for !os4-m, O-A'TM cpemtkc. 4 tc!emce analysis shewed that we ~ e d d  to adjust 

the negative lens spacing to an accuracy of about 25 pm. To achieve this accuracy we 

first focused the beam expander for plane-wavefront output at 633 MI, 1 ATM using a 

Zygo interferometer. Because the distance between the laser beam waist and the beam 

expander input optic is much less than the laser Rayleigh range, the Gaussian focal shift 

is very small and can be ignored. For all practical purposes, the beam expander focal 

setting that yields the lowest far-field divergence is the afocal setting. The 

interferometer allowed for precise collimation at 633 nm, 1 ATM; we then adjusted the 

beam expander lens spacing in several steps to obtain collimation at 1064 nm, 0 ATM. 

The beam expander collimation procedure is described below. 

The beam expander was setup in a double pass configuration with the positive 

lens group facing the interferometer and the flat surface of the negative lens acting as the 

reference mirror. By observing the transmitted wavefront amplitude and curvature 

(convex vs. concave) and reproducing the observed wavefront error in CODE V we were 

able to quickly converge on the required shim thickness for 633-nm, 1-ATM collimation. 

We then measured the beam expander performance with a continuous wave (CW) HeNe 

laser to confm the focal setting established with the Zygo interferometer. The next step 

was to adjust the slum hckness for li)64-nm, 1-AI'M operation using the giass meit 
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index-of-rehction data for the positive group lenses. We then confirmed the beam 

expander new focal setting with a CW 1064-nm laser. One final shim thickness 

adjustment was made to re-focus the beam expander for 0-ATM operation using a 

pressure de-€bcus number calculated both paraxially and with Zemax. The completed 

Laser Transmitter Telescope was then placed in a vacuum chamber and its performance 

zt O L 4 n 4  veriiied with the CW 1064-m laser. The %tic cf the size cf the !aser far-fie!~! 

images with and without the beam expander in the path verified that the assembly was 

correctly focused €or 1064-nm, 0-ATM operation (Figure 13). 

Two flight model (FM) Laser Transmitter Telescopes were integrated, tested, and 

delivered to the laser team. In addition to functional testing and thermal qualification, we 

also performed a vibration qualification test to verify the alignment stability of the 

mounted Laser Transmitter Telescope. We measured the beam expander optical axis 

relative to the laser bench reference mirror before and after the vibe test. To measure the 

beam expander optical axis, the assembly was placed between two theodolites with one 

theodolite aligned to the laser bench reference mirror and the other one serving as a 

surrogate laser beam (Figure 14). The "transmitter" theodolite focus was adjusted to 

compensate for the beam expander residual optical power at 1 ATM such that its image 

on the "reference" theodolite was in focus and de-magnified by 15X. (Care must be taken 

that the beam expander assembly transverse position in the test setup be very repeatable 

since the MLA FM beam expander is not afbcal at 1 ATM.) The spare FM Laser 

Transmitter Telescope assembly underwent 60 seconds of random vibration to a 6.8- 

Grms level about all three axes. No measurable motion was observed between the beam 

expander opricai axis and the iaser bench reference mirror. 
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6. MLA Optical Integration and Testing 

The MLA instrument subsystems were sequentially integrated into the Main Housing: 

first the mounting flexures and the Reference Cube were installed, then the electronic 

subassemblies and electrical harnesses were integrated and teste& this was followed by 

the integration and testing of the Laser Transmitter and the Detector/M-Optics 

zssemblies, md fimlly the Receiver Telescqxs were a~tched a d  the fiber-optic 

assemblies connected, routed, and secured. MLA was then installed on the alignment 

ground support equipment (GSE) plate at which point the instrument was ready for 

boresite alignment and instrument-level functional testing. A picture of MLA fully 

integrated and mounted on the alignment GSE plate is shown in Figure 15. 

Two key pieces of equipment were developed to boresite MLA: a collimator 

system and a laser beam dump. The main collimator system optic is a 2.5-m focal length, 

400-mm diameter Space Optics Research Labs (SORL) off-axis parabola (OAP). A 5050 

beamsplitter cube placed near the focal plane of the OAP generates two focal planes: one 

focal plane has a target reticule and a CCD camera, while the other focal plane has a 

1064-nm single-mode (SM) fiber-optic source mounted on a computer controlled X Y  

stage. A second CCD camera looks at the two focal planes through the fourth optical 

surface of the beamsplitter cube to verify that the target reticule and the SM fiber source 

are coincident and in focus. The purpose of the laser beam dump is to attenuate the MLA 

laser output beam without changing its pointing angle or far-field divergence. The laser 

beam dump reflects 90% of the MLA laser energy into a diffker/lens/fiber assembly 

used to monitor the MLA laser energy. The transmitted MLA laser beam is further 

i i~inuakd ushg S&UG KG glass abqjiion fiite~s. TIC hsei bani d-ui~iijj jjkk-~ff 
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beamsplitter and attenuation filters were custom made to have wedge angles < 5 pad  

each. KG glass transmits in the visible so the laser beam dump assembly transmitted 

wavefiont and beam deviation error can be measured with an interferometer or a pair of 

theodolites. The laser beam dump assembly met our line-of-sight deviation error goal of 

< 10 pad after all the required attenuation filters were installed. 

- ine --A boresite aiignment techniques and test set-ups were derived fkom those 

developed for MOLA [12]. To boresite the instrument the MLA/GSE plate assembly is 

installed on the collimator instrument stand with MLA looking down. Having the gravity 

axis parallel to the instrument optical axis minimizes any gravity effects on the MLA 

transmitter and receiver lines of sight. The MLA boresite procedure is straightforward: 

first the MLA laser is attenuated with the laser beam dump and its output directed to the 

center of the collimator target reticule, then the receiver telescope fiber optics are back- 

illuminated at 1064 nm and the fiber-optic connectors de-centered until the four fiber- 

optic images are centered on the collimator target reticule (Figure 16). (The laser and 

receiver images are out of focus because the instrument alignment is performed at 1 ATM 

while all the optical assemblies are focused for 0 ATM.) After the boresite alignment 

procedure is completed the receiver telescope fiber-optic connectors are “liquid pinned” 

with Scotch-Weld 2216 Grey epoxy. To veri@ the MLA boresite alignment, the FOV of 

each receiver telescope is measured by moving the collimator SM fiber-optic source in 

two orthogonal axes while recording the output of the MLA detector. Symmetric, well- 

centered FOV cross-sectional profiles would indicate that the MLA receiver telescopes 

are properly boresited to the MLA laser. The shape and size of all the FOV profiles were 

as expected for 1 ATM, and all were within our +50 p a d  boresite alignment requirement. 
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The combined cross-sectional FOV of all four MLA receiver telescopes is shown in 

Figure 17. 

Once the boresite alignment was completed the MLA instrument underwent 

environmental qualification. The MLA instrument vibration test levels were 8.0 Gnns 

about the X and Y axes and 9.9 Grms about the Z axis, the instrument optical axis; the 

fidl level mdolc ribes lasted 50 seco~ds per axis. We measured the following PvlLA 

alignment parameters before and after the vibe test: (1) the pointing of the MLA laser 

relative to the MLA Reference Cube, (2) the alignment of the MLA Reference Cube 

relative to a reference cube bonded to the alignment GSE plate, and (3) the boresite 

alignment of the four MLA Receiver Telescopes. We found no motion (< 10 pad) 

between the MLA laser and the MLA Reference Cube and a small amount of motion 

(-50 pad) between the MLA instrument and the alignment GSE plate. All the Receiver 

Telescopes moved relative to the MLA Laser, but only telescope S/N 3 (T3) was 

significantly out of its boresite alignment allocation after the vibration qualification test 

(Figure 18). Although we found a small electronic cable lodged between the RMU/CPU 

Housing and the back end of Receiver Telescope SM 3, re-routing the cable did not bring 

the alignment back. Further troubleshooting of the S / N  3 receiver telescope proved 

inconclusive, so we decided to proceed with instrument-level thermal vacuum (WAC) 

testing before taking any action regarding the boresite alignment of the S / N  3 receiver 

telescope. 

The MLA W A C  test lasted several weeks and included both hot and cold cycles 

that encompassed MLA’s survival and operational thermal ranges. The MLA WAC test 

configuration is shown in Figure 19. MLA is mounted on an Invar plate that slmulates 
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the MESSENGER low-CTE composite instrument deck An aluminum frame holds the 

Invar plate, a thermal target plate that simulates the IR heat load from Mercury, and an 

optical target assembly. The optical target assembly is blanketed and temperature 

controlled to insure its optical stability. A small tube goes c om the RiILA Laser 

Transmitter Telescope to the optical target assembly to enclose the MLA laser beam and 

prevent my x z t t t  hzl sattmtirg &e very semitiye ML.4 detectc~ &mig o p e m t i ~ d  

tests. The optical target assembly performs several functions: a fiber-coupled diffuser 

source is used to inject test signals into one of the Receiver Telescopes (S/N 1) to test the 

MLA detector and ranging electronics, the laser beam dump is used to monitor the MLA 

laser energy and attenuate the transmitted laser beam, and a lateral transfer retro-reflector 

(LTR) and motorized set of Risley prisms flip the attenuated MLA laser beam back into 

one of the receiver telescopes (SM 4) to measure its FOV profile. In addition, a small 

collimator/CCD camera system mounted outside the TVAC chamber is used to monitor 

the pointing angle of the MLA laser relative to a reference cube mounted on the TVAC 

lixrde Invar plate. c c. 

The MLA laser pointing angle and divergence were very stable during the course 

of the TVAC test. No MLA laser motions larger than -50 p a d  were observed during the 

test, even without correcting for motions and vibrations of the external collimator or the 

TVAC chamber. FOV cross-sectional plots of Receiver Telescope S/N 4 were generated 

during several hot and cold operating plateaus. This was done by plotting the MLA 

detector received pulse width as a function of the MLA laser beam deviation angle 

introduced by the optical target Risley prisms. (The detector pulse width is directly 

correiated IO the detector incident energy aithough the relationship is not iinear.j f i e  
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hll-width of the S/N 4 receiver telescope FOV cross-sections at 0 ATM was -400 pad, 

but the FOV edges were not as sharp as previously measured at the subassembly level 

because the MLA laser is not a point source. All the FOV plots were well centered on 

the MLA laser optical axis except for one trace that showed a 50 pad  offset. 

After the MLA WAC test was completed we re-measured the instrUment optical 

alignment. -We found no measurable anguiar offset (c; IO pad) between the MLA iaser 

and the MLA Reference Cube and only small changes (< 50 pad) in the pre-WAC 

boresite alignment of the four Receiver Telescopes (Figure 20). Receiver Telescope S/N 

3 was still out of its boresite alignment allocation so we debated whether to re-align the 

telescope or increase the size of its fiber-optic assembly fiom 200 pm (400 pad) to 300 

pm (600 pad) to regain boresite alignment margin. Swapping the fiber-optic assembly 

was an easier operation but the larger fiber-optic would lead to -30% higher Solar 

background noise. We opted to re-align the SM 3 telescope and to continue monitoring 

its borcsite alignment during MESSENGER lcvcl m\*ome~al  testing. The 

MESSENGER vibration test levels and expected launch loads are lower than the MLA 

vibration test levels, so we felt the risk was small that the S/N 3 telescope would move 

significantly again. The final step of the MLA optical alignment procedure involved 

measuring and documenting the angular alignment of the MLA laser relative to the two 

side faces of the ML,A Reference Cube that are used to transfer the MLA laser pointing 

angle information to the MESSENGER spacecraft coordinate system. 
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7. MLA Integration to MESSENGER 

MLA was delivered to the JHUIAPL MESSENGER spacecraft I&T team on June 30, 

2003, and integrated unto the spacecraft on July 22,2003. An Image of MLA installed 

on the MESSENGER instrument deck is shown in Figure 21; the image was taken after 

integration of the MESSENGER instrumentdeck thermal blankets. Our tolerancing of 

the ML.4 opto-mwhanical c ~ m p ~ m t s  p v c d  successfi?! &I that- the W.4 laser bean 

was found to be aligned to the spacecraft coordinate system within 0.25 mrad and in 

compliance with our co-boresite alignment requirement to the Mercury Dual Imaging 

System (MDIS) instrument. 

We continued to monitor the alignment and health of MLA during the come of 

the MESSENGER spacecraft environmental qualification program. The optical target 

assembly we used during the MLA instrument W A C  test was re-configured for MLA 

spacecraft-level testing. The optical target assembly allowed us to monitor the following 

parameters: (1) the response of the MLA detector and signal processing electronics to 

.;--ut citica: test (2)  LAe pi e.ileigy, ad (3j the Lwies;te &l~.-u..E~ sf A; 

four MLA Receiver Telescopes to the MLA laser. In particular, we re-measured the 

MLA boresite alignment after the MESSENGER spacecraft underwent vibration testing 

(Figure 22) and after the spacecraft completed W A C  testing and arrived at the Astrotech 

facilities in Titusville, EL, for launch preparations (Figure 23). Although both the 

spacecraft-level vibration and W A C  tests led to MLA boresite alignment shifts, all four 

MLA Receiver Telescopes are still within their boresite alignment allocation for launch. 

All other MLA optical and electronic performance parameters remained nominal during 

LL - - - - iue Luust: of %e MESSEXGGR eiiviiaiiiiieiitiil test p iagix .  
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8. Conclusion 

MLA instrument-level integration and testing was completed on June 30, 2003, and 

MESSENGER spacecraft-level integration and environmental testing was completed on 

February 26, 2004. The MESSENGER spacecraft was successfully launched fiom 

Launch Pad 17B at Cape Canaveral Air Force Station, Fla., on August 3,2004 aboard a 

thxe-sttge B ~ h g  D e i ~  II rwket. .As efthis -thg, the W-CSENGER spacecraft is on 

its way towards the planet M e r c q  where it is expected to arrive and enter orbit in March 

201 1. 
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Figure Captions: 

1. MLA Assembly Drawing: a) Top View, b) Bottom View 

2. MLA Thermal Model Predictions for TA280 orbit: 
a) Beginning of Science Phase, b) End of Science Phase 

3. MLA Receiver Telescope Optical Layout 

4. MLA Receiver Telescope Assembly 

5.  MLA Receiver Telescope Analysis: FOV vs. Temperature 

6. MLA Receiver Telescope &-Orbit Temperature (TA240, End of Science) 

7. MLA Receiver Telescope Vacuum De-focus Test Results 
a) 1-ATM fiber image, b) 0-ATM fiber image, c) 1-ATM FOV, d) 0-ATM FOV 

8. MLA Detector/Aft-Optics Optical Layout 

9. MLA Detector Illumination Image 

10. MLA Detector/Aft-Optics Assembly 

1 1 - MLA Laser Transmitter Telescope Assembly 

12. MLA Laser Transmitter Telescope Optical Layout 

13. MLA Laser Transmitter Telescope Far-Field Images at 0-ATM, 1064-nm 
a) CW Laser only, b) CW Laser with MLA 15X Beam Expander 

14. MLA Laser Transmitter Telescope Vibration Test Measurement Set-up 

15. MLA Installed on Alignment GSE Plate 

16. MLA Boresite Alignment: a) Laser Image, b) Receiver Telescope Images (4) 

17. MLA Combined Receiver Telescope FOV Cross-Sections 

18. MLA Boresite Alignment: Re- and Post- Instrument Vibration Test 

19. MLA TVAC Test Configuration 

20. MLA Boresite Alignment: Pre- and Post- Instrument TVAC Test 

2 1. MLA installed on MESSENGER Instrument Deck 
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22. MLA Boresite Alignment: Pre- and Post- Spacecraft Vibration Test 

23. MLA Boresite Alignment: Pre- and Post- Spacecraft TVAC Test 
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RMU/CPU Power Laser Beam Expander 
Receiver I Electronics Converter 

Mounting Flexures (3) 
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Table Captions: 

1. MLA Top-Level Optical Specifications 

2. MLA Optical Alignment Requirements 

3. MLA Optical Assemblies Thermal Quaiification Summary 

FoarsingLensSub-Assembly 
F i b e r e t i c s  
BeamExpender 

Transmitter Receiver 
Wavelength 1064 nm Aperture 417 cm2 
Pulse Energy 20 mJ FOV (dia) 400 pad 
Pulse Width 611s Filter (FWHM) 0.7 nm, >80% T 
Repetition Rak 8HZ Detector (dia.) 0.7 mm SiAPD 
Divergence ( l/e2 dia.) 80 p d ,  TEMOO Stray Light off-axis < on-axis 

2 2054798 2 +40to-30 30 4.0 Aft-optics 
3 2053208 90 rnto-30 120 0.25 InSbUIllant 
2 2053322 2 +75to-30 +W-20 4.0 LaserT-ilW 
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